Recapitulation of the form and function of complex tissue organization using appropriate biomaterials impacts success in tissue engineering endeavors. The annulus fibrosus (AF) represents a complex, multilamellar, hierarchical structure consisting of collagen, proteoglycans, and elastic fibers. To mimic the intricacy of AF anatomy, a silk protein-based multilayered, disc-like angle-ply construct was fabricated, consisting of concentric layers of lamellar sheets. Scanning electron microscopy and fluorescence image analysis revealed cross-aligned and lamellar characteristics of the construct, mimicking the native hierarchical architecture of the AF. Induction of secondary structure in the silk constructs was confirmed by infrared spectroscopy and X-ray diffraction. The constructs showed a compressive modulus of 499.18 ± 86.45 kPa. Constructs seeded with porcine AF cells and human mesenchymal stem cells (hMSCs) showed ∼2.2-fold and ∼1.7-fold increases in proliferation on day 14, respectively, compared with initial seeding. Biochemical analysis, histology, and immunohistochemistry results showed the deposition of AF-specific extracellular matrix (sulfated glycosaminoglycan and collagen type I), indicating a favorable environment for both cell types, which was further validated by the expression of AF tissue-specific genes. The constructs seeded with porcine AF cells showed ∼11-, ∼5.1-, and ∼6.7-fold increases in col Iα 1, sox 9, and aggrecan genes, respectively. The differentiation of hMSCs to AF-like tissue was evident from the enhanced expression of the AF-specific genes. Overall, the constructs supported cell proliferation, differentiation, and ECM deposition resulting in AF-like tissue features based on ECM deposition and morphology, indicating potential for future studies related to intervertebral disc replacement therapy.
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silk | annulus fibrosus | intervertebral disc | biomaterials | tissue engineering I ntervertebral disc degeneration (IDD) is the major cause of lower back pain and limited mobility, contributing significantly to health-care expenditures (1) . IDD is characterized by progressive damage to the annulus fibrosus (AF) region which confines the gelatinous nucleus pulposus (NP). This damage to AF is associated with mechanical stress, loss of function, biological remodeling, and dehydration of inner NP extracellular matrix. Current therapeutic treatments for IDD include conservative methods, such as medication and physical therapy, or surgical intervention, including spinal fusion and total disc arthroplasty. However, these surgical procedures are only effective in symptomatic pain relief without restoring the biomechanical functions of the intervertebral disc (IVD), which may lead to disintegration of adjacent segments. Furthermore, these surgical procedures are case-dependent and cannot be applied to all patients (1) . In this context, tissue engineering technology provides a promising alternative strategy for the treatment of IDD through implantation of in vitro-engineered tissue discs mimicking native structure and functions.
Tissue engineers continue to develop biomimetic tissue constructs with combinations of various biomaterials and engineered designs to recapitulate AF structure and function essential for regeneration (2) . The replication of the anatomic forms of AF using different biomaterials has included both natural and synthetic polymers; however, few studies have focused on recapitulation of structural features of the tissue. Most importantly, the introduction of lamellar scaffolds in AF tissue engineering may be critical for the field due to the direct relationship between the hierarchical features and mechanical functions of the tissue (3). One study involved the fabrication of alginate/chitosan scaffolds to form a lamellar AF structure that supported canine AF cell growth and function (4) . Biphasic scaffolds such as demineralized bone matrix gelatin poly(polycaprolactonetriol malate) supported the regeneration of AF tissue, structurally and mechanically close enough to native rabbit AF (5) . Similarly, silk-based lamellar constructs have also been fabricated for AF tissue engineering. A biphasic construct consisting of silk fibroin (SF)-based porous lamellar structures for AF in combination with fibrin/hyaluronic acid gels for the NP region were reported (6) . In an advanced strategy, silk fiber-based multilamellar constructs were prepared in which silk fibers or chondroitin sulfatemodified silk fibers were wound to form a hierarchical and lamellar structure resembling native AF tissue (7) (8) (9) . However, the degradation rate of natural silk fibers was very slow and was a constraint in the study, limiting replacement by neotissue (10) . In silk-based tissue engineering, silk fibers are often regenerated and then processed into different formats, namely scaffolds, films, mats, or hydrogels, before use as implants. Consequently, the biodegradation of these regenerated SF products is faster than that of native silk fibers, both in vitro and in vivo (11) . Another
Significance
In this study we have developed a fabrication procedure for a silk-based bioartificial disc adopting a directional freezing technique. The fabricated biodisc mimicked the internal intricacy of the native disc as evaluated by electron microscopy. The mechanical properties of these biodiscs were similar to those of the native ones. The fabricated biodiscs supported primary annulus fibrosus or human mesenchymal stem cell proliferation, differentiation, and deposition of a sufficient amount of specific ECM. A small unit of the construct was implanted subcutaneously to show its negligible immune response. The success here means that the silk-based bioartificial disc can be a promising strategy for future direction toward disc replacement therapy.
approach to address the complex hierarchical design of AF is electrospinning, which has been previously introduced to engineer various aligned tissues (12) . In this technique, the fabricated constructs exhibit highly aligned arrays of polymeric nanofibers that mimic the natural organization of different fiber-reinforced soft tissues, including the AF (13) . Multiscale, biologic constructs using electrospun mats of polycaprolactone that were hierarchically and anatomically relevant to the native AF were reported (13) . However, electrospun scaffolds often face a number of limitations including low porosity that restricts uniform cell infiltration and a discrepancy of mechanical properties compared with native AF.
The multiscale, hierarchical, collagen fiber-reinforced composite structure of the AF is responsible for shock absorption and flexibility of the spinal column. The AF consists of 15-25 concentric layers; each layer is strengthened by collagen nanofibers which are aligned at a ∼30°angle with respect to the diagonal plane of the spine axis, but in alternate directions in each successive layer (2) . This type of organization creates an angle-ply structure which is critical for proper biochemical and biomechanical functioning of the AF. Understanding such intricate organization is key to recent efforts to simulate anatomical features for a physiologically functional engineered disc.
In the present study SF was used for the fabrication of lamellar 3D scaffolds. To mimic the complex organization of AF anatomy, silk-based disc-like angle-ply constructs that consisted of concentric layers of lamellar sheets were prepared. The lamellar alignment represented the alternate direction of lamellae in successive layers of native AF, making an angleply structure. A directional freezing technique was adopted to prepare the lamellar scaffolds as we described previously (14) . Mechanical properties, the impact of fiber alignment on cell proliferation, extracellular matrix secretion [sulfated glycosaminoglycan (sGAG) and collagen content analysis], and specific gene expression (through real-time PCR) of AF cells and human mesenchymal stem cells (hMSCs) seeded on these scaffolds were addressed in the study.
Results
Scaffold Features. To replicate the gross anatomic form of the IVD a two-step approach was adapted; first, lamellar scaffolds were fabricated, and then a disc-like angle-ply construct was prepared with the lamellar sheets. Lamellar scaffolds were fabricated by unidirectional freezing of 5% (wt/vol) aqueous SF solution (Fig. S1B) . In our previous study we reported the detailed procedures for the preparation of lamellar scaffolds and their use in cellular response studies with chondrocytes and bone marrow-derived hMSCs (14) . In the present study we implemented that strategy to prepare disc-like angle-ply constructs. To mimic the multilamellar hierarchy of AF anatomy, the predesigned SF sheets with the lamellar alignment with an angle of ∼30°to its vertical axis were wrapped concentrically around a mold of ∼1 cm in diameter, but in opposing directions (+30°and −30°) of successive layers to form an angle-ply arrangement of the lamellae ( Fig. 1 A and B) . The cross-aligned structure was confirmed by scanning electron microscope (SEM) and histological sectioning of the construct (Fig. 1 C, II and III) .
With the help of SEM and fluorescence image analysis the distance between two adjacent lamellae (i.e., interlamellar distance) and the lamellar channel length were determined and found to be in the range of 62-116 μm and 167-393 μm, respectively (Figs. 1 C, I and 2A). The transverse section of scaffolds showed the circular opening of lamellar channels had pore sizes ranging from 44 to 78 μm ( Fig. 2A) . Cell-seeded scaffolds showed lamellar alignment of cells inside the lamellar pores (Fig. 2B ). The degree of crystallinity and secondary structure (i.e., β-sheet) of the lamellar constructs were confirmed by wide-angle X-ray diffraction (WAXD) and FTIR analysis. In WAXD analysis, two X-ray diffraction peaks were observed at 2θ = 21°(major peak) and 24°(minor peak) with a shoulder peak at 41° (Fig. 2C ), confirming the crystalline state of the protein in the scaffolding. FTIR spectroscopy data showed the β-sheet conformational transitions of silk with the signature peaks at 1,641, 1,519, and 1,231 cm −1 for amide I, II, and III, respectively (Fig. 2D ).
Mechanical Properties of Constructs. Assessment of mechanical properties is a critical aspect for load-bearing tissue engineered constructs. For the compressive study, three sets of acellular constructs and one set of native tissue were considered; set I consisted of only multilayered angle-ply AF construct, set II was 2% agarose gel as the replica of NP gel, set III was the combination of both as a prototype of whole IVD, and set IV was native porcine AF tissue (Fig. 2E) . The maximum compressive modulus (612.14 ± 175.48 kPa) was measured for set I, a compact multilayered angle-ply AF construct devoid of an NP zone in the middle, while set III representing the whole IVD showed a value of 499.18 ± 86.45 kPa. The compressive modulus (268.52 ± 21.6 kPa) was significantly less for 2% agarose (P ≤ 0.01), a replica of the NP region, compared with others. The least compressive modulus (37.45 ± 12.79 kPa) was calculated for native porcine AF. The value was in line with findings in a previous report (16) . All tests were performed under hydrated conditions (in PBS, pH 7.4 and 37°C) to mimic the physiological microenvironment.
Cell Survival, Proliferation, and Alignment Study. Cytocompatibility and cellular viability are vital for tissue engineering applications. Isolated porcine primary AF cells and hMSCs were cultured within the lamellar constructs for in vitro assessments of cellular viability, proliferation, and arrangement. Both types of cellseeded lamellar constructs were maintained in culture medium for 2 wk. Based on florescence image analysis, the attachment and alignment of cells within lamellar scaffolds were studied. Cell viability was evaluated by live/dead assay kit (Fig. 3 B, I and III) and the cellular arrangement was studied by Hoechst 33342 staining for nuclei (Fig. 3 B, II and IV). Cells were evenly distributed, confluent, and aligned in a lamellar morphology for both cases (porcine AF cells and hMSCs) after 2 wk of culture.
For cell proliferation, total DNA content was evaluated on days 1, 7, and 14 ( Fig. 3A) . Equal numbers of both cells (porcine AF cells and hMSCs) were seeded to the separate lamellar constructs and continued for 14 d. On the basis of PicoGreen DNA assay, an increased proliferation rate was observed for porcine AF cells compared with hMSCs at each time point. Porcine AF cells proliferated with the increase of ∼1.4-and ∼2.2-fold at days 7 and 14, respectively, compared with initial cell number at day 1 (P ≤ 0.01). Similarly, ∼1.26-and ∼1.7-fold increases in cell proliferation at days 7 and 14, respectively, were observed for the hMSCs (P ≤ 0.01). The maximum DNA content for porcine AF cells reached 282.35 ± 14.68 ng compared with hMSCs (211.54 ± 13.55 ng) at day 14.
Histology and Immunohistochemistry Analysis. From histology and immunohistochemistry analysis the cellular distribution and ECM deposition within the tissue engineered constructs was assessed. For histological analysis, cell-seeded lamellar constructs were sectioned and stained with H&E. The results showed that cells (in both cases: porcine AF cells and differentiated hMSCs) were homogeneously distributed throughout the constructs and arranged in a lamellar fashion, attaching to the lamellar walls after 2 wk of culture (Fig. 4 A and D) . For the identification of AF-specific ECM deposition, Alcian blue staining (for sulfated GAGs) and immunohistochemistry (for type I collagen) were performed. Alcian blue staining revealed even deposition of sGAG within the entire lamellar constructs for both cases, but with more intense blue color for porcine AF cell-seeded constructs (Fig. 4 B and E) . Similarly, from immunohistochemistry, type I collagen was secreted abundantly by both cells (i.e., porcine AF cells and differentiated hMSCs) after 2 wk of culture in chondrogenic medium (Fig. 4 C and F) .
Quantitative Analysis of ECM Deposition. Alcian blue staining for sGAG and immunohistochemistry for type I collagen was further supported by the quantitative biochemical analysis suggesting ECM secretion by both porcine AF cells and differentiated hMSCs in chondrogenic medium. Both collagen and sGAG deposition increased with time for both cell types, but higher values were obtained for the porcine AF cells. For type I collagen from porcine AF cells, the values increased to ∼3.6-fold and ∼9.8-fold at days 7 and 14, respectively, compared with the initial seeding (P ≤ 0.01). Similarly, for differentiated hMSCs, a ∼3.4-and ∼13.4-fold increase in collagen secretion was monitored at days 7 and 14, respectively, compared with day 1 (P ≤ 0.01). The amount of total collagen content per unit scaffold mass was higher in the case of porcine AF compared with the differentiated hMSCs at each time frame (days 3, 7, and 14). The maximum collagen content per milligram of scaffold for porcine AF cells was 70.88 ± 15.96 μg (∼54% of native porcine AF tissue) at day 14, whereas for differentiated hMSCs the value reached 49.9 ± 7.8 μg (Fig. 5A) . Similarly, sGAG (scaffold and media) content for porcine AF cells showed higher values than hMSCs at each time point (days 3, 7, and 14). For porcine AF cells, the value increased to ∼10.2-and ∼44.1-fold at days 7 and 14, respectively, compared with day 1 (P ≤ 0.01). In the case of differentiated hMSCs, a similar value was obtained (∼10-fold for day 7 and ∼44.8-fold for day 14). However, compared with the total amount of sGAG content per unit mass of scaffolds, the value (12.1 ± 5.3 μg) was much lower than that of porcine AF cells (22.08 ± 7.02 μg, ∼55% of native porcine AF tissue) (Fig. 5B) .
Real-Time PCR Analysis. In further support of qualitative (histology and immunohistochemistry) and quantitative (biochemical analysis) assessments, transcript levels of AF-related marker genes (Col Iα 1, aggrecan, and sox-9) were assessed by real-time PCR. For porcine AF cells the mRNA expression level of the three genes increased with the time (days 7 and 14), and the maximum expression was observed for Col Iα 1 when maintained in chondrogenic medium (Fig. 5C ). The expression level of Col Iα 1 increased ∼4.3-and ∼11-fold at days 7 and 14, respectively, compared with day 1 (P ≤ 0.01). Relatively lower levels of expression were observed for both sox-9 and aggrecan genes. The level of expression for both sox-9 and aggrecan genes increased ∼5.1-and ∼6.7-fold, respectively, at day 14 compared with day 1.
The hMSCs showed increased levels of AF tissue-specific gene expression (Col Iα 1, sox-9, and aggrecan) with time (Fig. 5D) . Similar to the porcine AF cells, maximum expression was observed for Col Iα 1 in differentiated hMSCs at any time point taken. It was observed that the Col Iα 1 gene was expressed with an increase of ∼9-and ∼34.8-fold at days 7 and 14, respectively, compared with day 1 (P ≤ 0.01).
In Vivo Assessments. In vivo implantation of the tissue engineered constructs helps to evaluate the biomaterial integration and immune responses. To understand the immune response, the lamellar constructs were implanted s.c. in mice and retrieved at weeks 1 and 4, followed by H&E and immunofluorescence staining for macrophages (Fig. 6) . After 1 wk, the retrieved constructs showed immune cells (mainly macrophages, confirmed by immunofluorescence for CD68) surrounding the constructs (Fig. 6 B, II) . Few macrophages infiltrated the scaffolds. Aggregation of macrophages followed by fibroblast layers was also observed surrounding the implanted scaffolds and no sign of tissue necrosis was found. Following 4 wk, the retrieved scaffolds showed negligible infiltration of immune cells inside the implanted scaffolds (Fig. 6 C, II) . Scaffold-native tissue integration was also clearly visualized, and negligible degradation of the lamellar constructs was observed over the 4 wk.
Discussion
Disc-Like Angle-Ply Construct Fabrication. Repairing fibrocartilaginous tissues like AF of IVDs is a challenging task. The intricacy arises due to the avascular nature, low cellularity that limits regeneration, and the hierarchical structural organization of the tissue that dictates its biomechanical properties. To address such challenges, a cross-aligned scaffold construct that mimics the native tissue architecture and mechanical properties was developed. In our previous study we assessed the influence of silk-based lamellar scaffolds prepared using directional freezing in adipogenic and chondrogenic differentiation of hMSCs (14) . Directional freezing is based on a simple thermodynamic principle where the velocity and morphology of the ice-front propagation is controlled through the sample in a unique direction. Moreover, use of an aqueous-based polymeric system (where water is the main sol fraction) avoids the introduction of any toxic products into the scaffolds. In the present study we implemented this technique to prepare lamellar scaffolds with multilamellar angle-ply constructs to mimic native disc morphology. The process was conducted in two steps: preparing lamellar scaffolds followed by excising rectangular sheets possessing ∼30°angle of lamellar directions to the vertical axis and then encircling them in alternate directions so that the assembled structure had a disc-like angle-ply construction ( Fig. 1 A and B) . To prepare lamellar scaffolds, a polydimethylsiloxane (PDMS) mold was used, consisting of two hollow chambers divided by a copper metal plate. PDMS, a transparent silicon polymer, offers good thermal and chemical stability, electrical resistivity, and mechanical flexibility but also has poor thermal conductivity (0.15 W·m ). The ratio of thermal conductivity of these two components is 2,673.3; thus, directional ice crystal formation rate was rapid and originated from the metal plate surface rather than the PDMS walls (Fig. S1) .
Physicochemical Characterization. The regenerated Bombyx mori SF typically exhibits random coil and β-turn (without α-helix), termed silk I. Upon exposure to 70% (vol/vol) ethanol, silk I is converted to silk II due to induction of β-sheet crystals. After lyophilization, the lamellar constructs were subjected to ethanol treatment to induce crystallinity to ensure stability in aqueous medium. Following treatment with ethanol, conformational transition occurred to silk II as previously reported (Fig. 2D) (14, 19) . Similarly, the WAXD data supported crystallinity of the lamellar constructs (Fig. 2C) .
SEM and fluorescent-based image analysis revealed the crossaligned and lamellar characteristics of the constructs (Figs. 1 C, I and II and 2A). Porosity and pore size of lamellar scaffolds are mainly governed by lamellar distance and channel length. Gas perfusion and nutrient exchange during culture depend on pore size and porosity of the scaffolds and influence cell survival, proliferation, and differentiation. We previously reported the effect of SF concentration on interlamellar distance and its porosity (14) . Electron microscopy of the transverse sections of the scaffolds revealed circular openings (44 to 78 μm) of the lamellar channels. These openings were the result of longitudinal ice crystal propagation at the time of rapid freezing in liquid N 2 . SEM also supported the homogeneous and aligned cell distribution throughout the lamellar channels.
Biomechanics. The complex architecture and composition make AF an anisotropic, nonlinear, and viscoelastic tissue to bear mechanical loads. Although AF is subjected to various types of mechanical forces, including uniaxial and biaxial tension, shear, and torsion, compressive properties were assessed for the designed multilayered angle-ply constructs. Under compressive loading the disks become narrow in height and bulge in an outward direction, experiencing both axial and radial compressive stress. Despite the high ductility and stiffness of silk fibers, mechanical properties of the final products depend on postprocessing and fabrication procedures. For the compressive study, three sets of scaffolds were used (Fig. 2E) . Set I scaffolds showed the highest compressive modulus (>600 kPa) due to the highly compact nature of the scaffold. However, this type of compact structure cannot be applied for disc replacement therapy as it does not contain an NP region. Set II consisted of only agarose gel (2 wt % wt/vol) and showed the least compressive modulus (∼270 kPa). Better mechanical properties were registered for set III that represented the whole disc, consisting of concentric rings of lamellar constructs surrounding the gelatinous NP substitute (agarose gel). This observation indicated the interaction between these two regions prompts a mechanical response in compression that emulated the native disc. This type of construct provided a compressive modulus of 499.18 ± 86.45 kPa, a value in the range of the compressive modulus of native human AF tissues (380 ± 160 kPa) (15) . Thus, at this juncture, the assessment of tensile strength, shear stress, and other mechanics would be required to support final designs related to the biomechanical functionality of the disc.
Cytocompatibility Study. Cytocompatibility of a biomaterial for tissue engineering is also a key factor for its clinical success. Cellularity often depends on a "form follows function" rule where scaffolds act as functional templates to guide cellular remodeling (20) . Porous scaffolds used for AF tissue engineering supported nonuniform and reduced cell proliferation in comparison with lamellar scaffolds (3). SF is widely accepted for various regenerative applications due to its versatile features including high strength, biocompatibility, and biodegradability with low immunogenicity (21) . In this study, cellular compatibility of the constructs was assessed with two types of cells: porcine primary AF cells and bone marrowderived hMSCs. AF cells proliferated and formed ECM related to the vertebral disc. The potential use of AF cells in IVD tissue engineering has also been reported previously (3) . Complications in the isolation and lack of sufficient donors limit the use of primary cells for implantable scaffolds. This has stimulated interest toward alternative cell sources, such as stem cells. MSCs are multipotent stromal cells that have the ability to differentiate into various lineages including osteoblast, myocytes, adipocytes, and chondrocytes. MSCs have shown significant contributions in IVD tissue engineering (22) . MSCs may be exploited either in their undifferentiated stage, allowing them to differentiate in vivo influenced by local stimulus, or in their differentiated stage in vitro before implantation. In the former case, unwanted differentiation may occur in the injury site, whereas differentiated MSCs are phenotypically stable and resistant to transdifferentiation when maintained in chondrogenic media (23) . In this context, bone marrow-derived hMSCs were isolated and allowed to differentiate into the chondrogenic lineage after seeding into the angle-ply constructs in the present study. Cell-seeded constructs were maintained for 2 wk and cellularity was checked by DNA content (Fig. 3A) . Both cell sources proliferated in the construct with time, and enhanced proliferation was observed for the primary AF cells. After 2 wk of culture in chondrogenic medium, AF cells showed ∼2.2-fold proliferation from initial seeding (P ≤ 0.01), whereas hMSCs showed a ∼1.7-fold increase (P ≤ 0.01). In contrast, the AF cells, which were already differentiated, maintained their normal phenotype and proliferation rate throughout the experiment. However, cell viability using calcein AM and nuclear staining by Hoechst 33342 revealed cellularity and alignment in the constructs (Fig. 3B) .
Biochemical Study. A successful bioengineered construct supports cell attachment and proliferation and also supports the deposition of ECM for functional tissue. Biochemical analysis of constructs after 2 wk of culture in chondrogenic medium revealed significant accumulation of both collagen and sGAG, the two main ECM components of AF. The AF consists of ∼67% of collagen in its dry weight, where type I collagen accounts for ∼80% of total collagen content. Although proteoglycan content is as predominant in the outer AF regions, the amount gradually increases toward the central region. However, the proportion of collagen to proteoglycan changes throughout life and is also associated with disc degeneration. The developed angle-ply constructs supported both the primary AF cells and hMSCs and the AF cells secreted increased amounts of ECM components compared with the hMSCs (Fig. 5 A and B) . The reason for this increased level of ECM secretion by the primary AF cell might be due to their highly differentiated state. This was further confirmed by gene expression, where increased levels of col Iα 1 and aggrecan were observed (Fig. 5 C and D) . Similarly, differentiation of hMSCs in lamellar constructs was evident from the up-regulated expression of col Iα 1, aggrecan, and sox 9 mRNA (early chondrogenic differentiation marker) in chondrogenic medium for 2 wk. The chondrogenic medium consists of ITS+ (insulin, transferrin, and selenious acid), TGF-β, and dexamethasone, the fundamental components for chondrogenic differentiation of MSCs. Previously it was reported that TGF-β induced new ECM synthesis in both old and degenerated discs (24) . Enhanced cell proliferation has been reported under the combined effects of ITS+ and TGF-β, whereas dexamethasone exerted an augmentative and suppressive influence on protein and proteoglycans, respectively (25) . We observed that decreased levels of aggrecan mRNA expression were associated with increased col Iα 1 gene expression by hMSCs compared with AF cells.
Cellular infiltration and their arrangement or specific ECM molecule deposition can be visualized by histological analysis of the tissue engineered constructs. H&E staining of the constructs revealed cellular infiltration and alignment in the lamellae (Fig.  4 A and D) . sGAG is one of the predominant ECM molecules secreted by chondrocytes or differentiated stem cells (to chondrocytic lineage). Fibrochondrocytic in nature, AF cells secreted sGAGs in the lamellar constructs and an intense and homogeneous blue color appeared throughout the scaffold section. Similarly, deposition of sGAG by differentiated hMSCs in the lamellar construct was confirmed by Alcian blue staining (Fig. 4 B and E). Collagen type I, another hallmark ECM component of AF tissue, was detected by immunohistochemistry. Both the primary AF cells and hMSCs secreted, as corroborated by immunostaining for collagen type I (Fig. 4 C and F) . However, the stained color was comparatively more intense (visual observation) for the constructs seeded with primary AF cells, supporting the biochemical and gene expression studies.
In Vivo Response. While the in vitro experiments assist in providing an insight into the cellular interactions with the materials, in vivo studies are relevant to understanding overall tissue responses. Any biomaterial which is nonautologous elicits some extent of foreign body response (FBR) following implantation. FBR also depends on biomaterial characteristics, including size, geometry, topology, and site of implantation (26) . In this study, the constructs were s.c. implanted in mice and retrieved after 1 and 4 wk followed by H&E staining (Fig. 6 ). Although recruitment of macrophages was observed surrounding the implants after 1 wk, there was a significant reduction after 4 wk. Following 4 wk, the implanted constructs retained structural integrity, including the lamellar alignment. This observation is in line with previous studies that demonstrate lower inflammatory responses toward silk materials (14) .
In the current study, recapitulation of AF internal architecture has been achieved using a tissue engineering approach, but it is necessary to address other formidable challenges for the clinical implementation of the existing technologies. To move the current technology toward in vivo application it is critically important to ensure the integration of the implanted engineered disc to the surrounding tissue as well as the AF-NP confinement. The NP can be transplanted as a biphasic structure (set III) or can be injected in a minimally invasive way after AF transplantation. This is important as the high mechanical properties of the disc are attributed to its sealed confinement. Hence, the long-term aim would be the fabrication of an entire construct comprising AF, gelatinous NP, and superior-inferior end plate. The engineered disc can be implanted in a cellular or acellular state. For the cellular disc, it needs to be cultured in a dynamic bioreactor system for better tissue maturation. The current study focuses on the use of two different cell types, primary cells and hMSCs. The fabricated construct was validated by both cell types in terms of biocompatibility and tissue formation. So, the biological construct, upon implantation, mimicking the internal architecture will provide the mechanical properties, whereas the cellular part will prevent further degeneration by supporting the regenerative process. Despite of these obstacles in clinical implementation the current work may provide a better understanding about bioartificial disc preparation mimicking its hierarchical organization.
Conclusions
Structural recapitulation of AF tissue is a major challenge. We devised a strategy to address this by using a silk-based angle-ply approach. The construct mimics the native structure-function attributes of the disc and provides sufficient mechanical strength to function in load-bearing activities. The developed disc supported primary AF cell proliferation, alignment, and ECM deposition. Differentiation of hMSCs to chondrogenic lineage further supported the prospects for application of the constructs toward disc needs.
Materials and Methods
Fabrications of Disc-Like Angle-Ply Structure. The aqueous solution of SF was derived from B. mori silk cocoons according to the procedure previously described (14) . The lamellar scaffolds were prepared using the protocol described in our previous work (Fig. S1) (14) . Rectangular sheets having lamellar pores of ∼30°angle to their length were encircled in alternating directions so they made an angle-ply construct (Fig. 1A) .
Physicochemical and Biochemical Studies. The fabricated constructs were physicochemically characterized by SEM, WAXD, and FTIR followed by mechanical studies. Biological responses of constructs were checked using primary porcine AF and hMSCs. Histological analysis was performed to study the cellular distribution and ECM secretion pattern inside the cell-seeded constructs. DNA, sGAG, total collagen, and real-time gene expression for Col Iα1, sox-9, and aggrecan were performed following the manufacturer's protocol.
In Vivo Response Study. BALB/c mice were used to evaluate the in vivo immune response to the fabricated constructs. A small unit of lamellar construct was implanted into s.c. pocket. Inflammatory responses were checked at the end of 1 and 4 wk on the basis of H&E and CD68 immune staining for macrophages. All of the experiments were performed following protocols approved by the Tufts University Institutional Animal Care and Use Committee. A more detailed description is included in SI Materials and Methods.
Statistical Analysis. All quantitative experiments were performed at least in triplicate, and results were expressed as mean ± SD for n = 3 unless specified. Statistical analyses of data were performed by ANOVA. Differences between groups of *P ≤ 0.05 are considered statistically significant and **P ≤ 0.01 as highly significant.
